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http:WHAT THIS PAPER ADDS
Arteriovenous ﬁstula stenosis from intimal hyperplasia imparts a signiﬁcant burden of morbidity and cost upon
our health care system. A new nitinol anastomotic device has shown promise at reducing complications. This
study sought to evaluate arteriovenous ﬁstulae followed up to 6 months in a sheep model. It examined both the
volume of intimal hyperplasia that forms and the adjacent local cellular reaction and found a distinct advantage
favouring the anastomotic clip. These results suggest that the nitinol U-Clip may have utility in reducing ﬁstula
complications in clinical practice.Objectives: This study sought to compare the local tissue response and subsequent volume of intimal hyperplasia
(IH) that develops throughout the maturation of an arteriovenous ﬁstula created using continuous/interrupted
polypropylene with that of a novel, metal-alloy, penetrating anastomotic clip device.
Materials and methods: Forty-six ﬁstulae were created in 23 sheep under a paired design using the nitinol U-Clip
(n ¼ 23) in one hind limb and continuous (n ¼ 20) or interrupted (n ¼ 3) polypropylene suture for the other.
Animals were killed at 4 (n ¼ 3), 14 (n ¼ 3), 28 (n ¼ 10), 42 (n ¼ 3), and 180 (n ¼ 4) days. Histological sections
were evaluated for quantitative histology and immunohistochemistry.
Results: Compared with continuous polypropylene, U-Clip specimens demonstrated less intimaemedia area per
unit length (IMA/L), proliferating cells, and tissue necrosis at all time points (MANOVA, F ¼ 9.8e24.1, all
p  .005; observed power >82%). Speciﬁcally, values of IMA/L were reduced by 5% (p ¼ .97), 37% (p ¼ .02), 33%
(p < .01), 9% (p ¼ .42), and 14% (p ¼ .22) at the time points of 4, 14, 28, 42, and 180 days respectively.
Proliferating cells were reduced by 75% (p < .01), 72% (p ¼ .03), 76% (p ¼ .03), 27% (p ¼ .31), and 60% (p ¼ .01)
and tissue necrosis by 67% (p < .01), 58% (p ¼ .02), 40% (p ¼ .33), 21% (p ¼ .43), 77% (p ¼ .11). In a 28-day
comparison between U-Clip and interrupted polypropylene the U-Clip group demonstrated a 4% (p ¼ .65)
reduction in IMA/L, 74% (p < .01) in proliferating cells and 49% (p < .05) in tissue necrosis.
Conclusions: These results provide evidence of reduced local tissue necrosis, proliferating cells, and IH, favouring
arteriovenous ﬁstulae created using the U-Clip anastomotic device over conventional polypropylene suture
techniques most evident over the ﬁrst 4 weeks.
 2014 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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//dx.doi.org/10.1016/j.ejvs.2014.12.025however, it remains prone to patency-threatening stenoses,
many of which occur in close proximity to the arteriovenous
anastomosis. The pathophysiology of these lesions is
thought to be multifactorial and particularly associated with
local anastomotic factors such as compliance mismatch,
intimal injury, and suture material interaction with the
blood vessel wall and surrounding tissues.1,2
The nitinol U-Clip (Medtronic, Minneapolis, MN, USA) is a
penetrating anastomotic clip device designed to reduce the
use of sutures and eliminate knot tying during the creation of
a circumferentially interrupted vascular anastomosis.3 A single
non-randomized, prospective human study has demonstrated
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created with U-Clips compared with conventional suture.4
However, two small randomized trials have failed to show a
difference in clinical outcomes.5,6 In this present study, a
reduction in intimal hyperplasia (IH) volume after the creation
of an AVF using the nitinol U-Clip compared with the con-
ventional continuous sutured technique has been demon-
strated.7 From this research a number of questions have
arisen regarding local tissue trauma and cellular mechanisms
by which the U-Clip achieves this effect.
The aim of this study was to further previous research by
comparing this device with a conventional continuous su-
tured anastomosis in AV ﬁstulae over a longer maturation
period of 6 months and evaluate the local proliferative and
tissue necrosis response at a cellular level. Furthermore the
study sought to compare the U-Clip with an interrupted
polypropylene anastomosis to determine whether observed
differences were due to the suture material itself or the
anastomosis conﬁguration.MATERIALS AND METHODS
Animals
Two-year-old crossbred Border LeicestereMerino wethers
were used with the approval of the local Animal Care and
Ethics Committee. They were kept within the research
facility in accordance with the research guidelines of the
National Health and Medical Research Council of
Australia.Surgery
The AVF surgical model has been described previously.7 In
brief, sheep were sedated, administered general anaes-
thesia, and then intubated. Through hind limb groin
creases a 2-cm-long longitudinal arteriotomy and corre-
sponding venotomy was performed in the proximal su-
perﬁcial femoral artery and vein. This length was
standardized for all anastomoses and all animals. A con-
ventional BresciaeCimino, side-to-side anastomosis was
created using either continuous or interrupted 6e0 poly-
propylene (Prolene, Ethicon, Johnson & Johnson, Warren,
NJ, USA) in one hind limb and interrupted U-Clips in the
contralateral one.8 Flushing with heparinized saline and
haemostasis were given careful attention at the time of
sling release. Patency of the ﬁstula was conﬁrmed with
pulse and thrill at the end of the procedure. The hind limb
side chosen for suture/U-Clip was alternated in consecu-
tive animals.
The nitinol U-Clip was applied with a standard needle and
suturing action as described previously.7 It was connected
to the surgical needle by a ﬁne wire and released by
grasping a trigger point with the teeth of the needle holder,
at which point it resumes its circular shape holding the
blood vessel walls in apposition. A retention knob at the
end of the clip snugs against the vessel wall to prevent it
pulling through. U-Clips are placed every 1e2 mm as one
would with a conventional interrupted suture.Time points
Twenty-three sheep were utilized to create 46 AVFs. They
were killed at 4 days (3 sheep, 6 AVF), 14 days (3 sheep, 6
AVF), 28 days (10 sheep, 20 AVF), 42 days (3 sheep, 6 AVF),
and 180 days (4 sheep, 8 AVF).
Specimen explantation and preparation
At harvesting, hind limb dissection was carried out to
identify and excise each AVF en bloc with its associated few
centimetres of feeding artery and vein. The AVF was gently
ﬂushed with 10% buffered formalin so as not to remove any
thrombus or IH and then ﬁxed in 10% neutral buffered
formalin for 48 hours. High-resolution X-ray was used to
conﬁrm the presence of U-Clips and aid orientation in all
specimens, which were then divided through the longitu-
dinal midpoint of the anastomosis in a cross-sectional plane
and at 1e2-mm intervals either side. Half were processed
for parafﬁn embedding after removal of the U-Clips, the
other half for polymethyl-methacrylate (PMMA) embed-
ding. The parafﬁn-embedded blocks were cut to 5 mm thick
on slides using a Leica RM 2165 microtome (Leica Micro-
systems, Germany). Sections on Superfrost slides were
stained with Harris’s haematoxylin and eosin (H&E) and Van
Gieson for histological and morphometric analysis, and
sections on Superfrost Ultra Plus slides underwent immu-
nohistochemistry for protein expression of speciﬁc markers.
The PMMA-embedded specimens were cut into 10-mm-
thick sections on a Leica SP 1600 saw microtome, acid
etched, and stained with basic fuschin and methylene blue.
The PMMA samples allowed sectioning directly through the
metallic U-Clips.
Histology and morphometric analysis
Sections from each block were examined to determine and
include every sample that was representative of a cross-
section through the arteriovenous anastomosis. These
cross-sections were then processed to determine intimae
media area per unit length and luminal circumference.
Digital images of H&E and Van Gieson-stained slides were
taken at 1.25, 2, 4, 10, and 20 objective magniﬁcations on
a BX51 Olympus microscope with a DP2-BSW camera and
software (Olympus Corporation, Japan).
Olympus DP2-BSW software was used to manually trace a
line that followed the outer border of the media and a
second line to trace the lumen so as to encapsulate both
the intima and media. The intima and media area were
calculated together rather than attempting to trace the
internal elastic lamina that separates them as the neointima
and media were histologically indistinguishable. The area
within the ﬁrst circle was calculated (B), as was the area
within the inner circle (A). The intimaemedia area (IMA)
was then calculated as B  A, and divided by the luminal
circumference (IMA/L) to correct for artefactual exaggera-
tion from oblique sectioning of the specimen and also
vessel dilatation, as described previously.7 This calculated
area per unit length measurement was used to precisely
detect any true increase in neointimal area and discount
Figure 1. An arteriovenous ﬁstula in cross-section with opposite
sides of the anastomosis visible in the centre of the ﬁeld (asterisks
denote a thick ﬁbrocellular layer of intimal hyperplasia overlying
the suture line). Note. Peri-suture necrosis has been deﬁned here
as a black line with adjacent value for area (Olympus Corporation,
Tokyo, Japan). (Photomicrograph 4 magniﬁcation, scale
bar ¼ 200 mm).
346 R.L. Varcoe et al.any difference that might occur in the alignment of the
blood vessel wall as a result of variation in surgical tech-
nique. The luminal circumference was calculated from the
inner line that followed the lumeneendothelial interface.
For each anastomosis a mean value was calculated using all
representative sections.
Evaluation of tissue necrosis
Peri-anastomotic tissue necrosis was identiﬁed as an acel-
lular mass under H&E staining adjacent to the anastomotic
material (Fig. 1). Quantitative assessment was undertaken
using an Olympus BX43 microscope in conjunction with the
DP72 camera. Necrotic tissue area was measured with the
complex polygon function of the cellSens digital imaging
software.
Immunohistochemical staining
A previously validated immunohistochemical technique to
investigate protein marker expression within parafﬁnFigure 2. (A) Immunohistochemistry demonstrating labelled PCNA posit
The same slide with the region of interest deﬁned by a green line and b
Histomorph software. Note. Objective magniﬁcation 10, scale bar ¼sections was adapted for use in this model.9 A full
description of these methods is available in Appendix I.Quantiﬁcation of proliferating cells
Quantitative histomorphometric analysis was performed on
all samples using a custom-written Matlab script (Matlab
7.11.0, The Mathworks Inc., MA, USA).10 A 1.25 overview
image was taken of the whole anastomotic cross-section to
identify the two anastomotic junctions. Anastomotic images
at 10 magniﬁcation which incorporated each suture/U-
Clip were imported into the Matlab platform and pre-
processed to convert the colour space from RGB to CIE-
LAB.11 Next, the region of interest adjacent to the
anastomotic material was selected to include only the peri-
anastomotic blood vessel tissue and exclude the adjacent
lumen. Proliferating cells that had stained positive for the
proliferating cell nuclear antigen (PCNA) antibody were
assigned by thresholding the colour intensity of the image
(Fig. 2). Each 10 section was analysed in this way, and the
resultant number of pixels was calculated as a total and
percentage of the peri-anastomotic region.Statistical analysis
A target sample size of 46 AVFs was selected using G*Power
3.1.9 (Universitat Kiel, Germany) in a 4 by 3 multivariate
design to provide a statistical power >80% (a ¼ .05, two-
tailed) to detect an estimated >30% difference in the pri-
mary endpoints of IMA/L, luminal circumference, propor-
tion of proliferating cells, and area of tissue necrosis. All
quantitative data were expressed as mean  SD with an
assumption of no departure from the normal distribution
since the experimental animals are a homogeneous group.
This assumption was subsequently conﬁrmed by observing
normal curves on each histogram during our data analysis.
Pearson’s correlation coefﬁcient method was used to detect
the signiﬁcance of the linear relationship between variables.
A GLM multivariate analysis was performed for multivariate
analysis of variance (MANOVA) to identify the difference in
those four dependent variables between the two types of
suture material and the two sides, among all samples,
across the ﬁve time points. The signiﬁcant variables were
further analysed by the parametric Bonferroni or paired tive cells (Brown) in tissue surrounding the U-Clip void (asterisk). (B)
rown pixels labelled for quantitative proportional analysis (red) by
100 mm.
Figure 3. The primary endpoints over the ﬁve time points demonstrating the observed difference in intimaemedia area per unit length
most pronounced over the mid time points and the close correlation between tissue necrosis and proportion of proliferating cells. Error
bars represent standard deviation. (A) Intimal-media area per unit length. (B) Luminal circumference. (C) Tissue necrosis area. (D) Pro-
portion of proliferating cells.
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time points. Data processing and analysis were performed
on a computer program (IBM SPSS Statistics 21, Chicago, IL,
USA). A value of p < .05 (2 sided) was considered statisti-
cally signiﬁcant.
RESULTS
All AVF specimens demonstrated substantial IH at the su-
ture line on both macroscopic and histological evaluation.
One U-Clip AVF in the 4-week group and one in the 6-
month group was occluded with thrombus (2/46; 4%).
These were excluded from the analysis due to the con-
founding effect of thrombosis on IH.
Continuous polypropylene versus U-Clip anastomosis
Surgical details. The mean time taken to complete the
anastomosis in the continuous polypropylene group was
12 minutes (range 8e19) versus 13 minutes (range 6e23)
for the U-Clip group. This time was not signiﬁcantly different
despite the lack of an assistant to preload the next U-Clip
(p ¼ .54). No technical difﬁculties were encountered withthe anastomotic techniques. The mean number of U-Clips
used in each animal was 20 (range 15e26).Histomorphometry
Intimaemedia area per unit length. Fig. 3A summarizes the
calculated IMA/L data at each time point with standard de-
viation. Overall, pooled data demonstrated a 29% reduction
in IMA/L in the U-Clip compared with the continuous sutured
anastomoses (IMA/L 514  231 [polypropylene] vs.
367 169 [Nitinol U-Clip] mm; paired t test, t¼ 3.6, p< .001).
At each time point there the IMA/L was lower in the U-Clip
group, quantiﬁed as 5% (232 vs. 244 mm) at 4 days, 37% (332
vs. 525 mm) at 14 days, 33% (315 vs. 467 mm) at 28 days, 9%
(382 vs. 419 mm) at 42 days and 14% (579 vs. 672 mm) at 180
days (two-way multivariate ANOVA demonstrated a signiﬁ-
cant difference in IMA/L between the two materials
[F ¼ 439.8, p < .001] and across the time points [F ¼ 19.8,
p < .001], observed powers all >95%).
Luminal circumference. Luminal circumference as a marker
of AVF maturation increased signiﬁcantly over the earlier
348 R.L. Varcoe et al.time points for both suture materials (polypropylene,
F ¼ 28.1, p < .001; nitinol U-Clip, F ¼ 10.5, p < .001). By
day 180 the AVFs had the diameter and appearance of a
fully mature ﬁstula with a mean luminal circumference of
4.39 and 4.47 cm in the polypropylene and U-Clip groups
respectively. These values were statistically indistinguish-
able and mirrored one another at each time point (Fig. 3B).
Descriptive histology and cellular phenotyping. Within
each AVF we observed the development of a thick ﬁbro-
cellular layer between endothelium and internal elastic
lamina in the artery and vein walls as well as overlying the
suture line (Fig. 1). This layer consisted of extracellular
matrix separating abundant spindle shaped cells that was
identical to that seen in the human vascular smooth muscle
cell and is the characteristic appearance seen within an IH
mass.12
Tissue necrosis. Tissue necrosis was observed as a homo-
geneous, acellular layer adjacent to the suture material
(Fig. 1). Necrosis was most abundant at the earliest time
point in the polypropylene group, and then progressively
diminished over time. In contrast the U-Clip group saw
stable necrosis patterns over the ﬁrst 42 days that went on
to diminish to such a degree that necrosis became almost
undetectable by 180 days (Fig. 3C).
At each time point the area of tissue necrosis was smaller
in the U-Clip group. This difference was 67% (0.25 vs.
0.76 mm2) at 4 days, 58% (0.18 vs. 0.44 mm2) at 14 days,
40% (0.19 vs. 0.31 mm2) at 28 days, 21% (0.23 vs.
0.29 mm2) at 42 days, and 77% (0.02 vs. 0.10 mm2) at 180
days (Fig. 3C). Two-way multivariate ANOVA demonstrated
a signiﬁcant difference in tissue necrosis between the two
suture materials (F ¼ 24.0, p < .001) and across time points
(F ¼ 14.1, p < .001), observed power >95%.
Proliferating cell nuclear antigen. Actively proliferating
cells in the region of interest adjacent to the anastomotic
material were identiﬁed by PCNA-positive staining (Fig. 2).
They were seen in abundance at 4 days and became pro-
gressively less detectable over the subsequent 180 days
(Fig. 3D). Those relative differences in PCNA-positive cell
staining closely resembled that seen with tissue necrosis
volume (Pearson’s correlation coefﬁcient between propor-
tion of proliferating cells and volume of cell necrosis was
0.552 (p ¼ 0.019) in the polypropylene group and 0.354
(p ¼ 0.051) in the U-Clip group).
At each time point there was a smaller proportion of
proliferating cells found in the accumulated tissues adjacent
to the U-Clip than the continuous polypropylene suture
material. This difference was represented by a 75% (0.96%
vs. 3.81%) decrease in the proportion of PCNA positive cells
at 4 days, 72% (1.11% vs. 3.95%) at 14 days, 76% (0.67% vs.
2.81%) at 28 days, 27% (1.15% vs. 1.58%) at 42 days, and
60% (0.46% vs. 1.15%) at 180 days (Fig. 3D). Two-way
multivariate ANOVA demonstrated a signiﬁcant difference
in PCNA-positive cell proportions between the two suture
materials (F ¼ 9.2, p < .01).
Smooth muscle actin, vimentin, and desmin. Fig. 4 illus-
trates samples of 6-week AVFs created with continuouspolypropylene suture and nitinol U-Clip that represent
observed staining patterns for a-smooth muscle actin
(SMA), vimentin, and desmin. Consistently and throughout
all specimens the native blood vessel wall was positively
stained for SMA and desmin while being negative for
vimentin, typical of the contractile smooth muscle cells
which reside in the native media.13 The cells which made up
the neointimal mass were also SMA positive; however,
these were positive for vimentin and negative for desmin, a
pattern which characterizes the myoﬁbroblast typically
found in IH.13 These ﬁndings were observed throughout all
time points from the earliest stages of IH development (day
4) to the 180-day specimens and were indistinguishable
between suture materials and techniques.
Interrupted polypropylene versus U-Clip anastomosis. The
time taken to create the interrupted polypropylene anas-
tomosis was 21 minutes (range 19e22 minutes), which was
signiﬁcantly longer than both the continuous suture
(12 minutes; p < .01) and U-Clip techniques (13 minutes;
p < .01).
At 4 weeks the U-Clip group demonstrated a 4% reduc-
tion in IMA/L when compared with the interrupted poly-
propylene suture, which was not statistically signiﬁcant
(p ¼ 0.65). However, the luminal circumference was 19%
greater in the U-Clip anastomosis (29.8 vs. 24.0 mm;
p < .05), the proportion of proliferating PCNA-positive cells
was reduced by 74% (2.02% vs. 7.85%; p < .01) and there
was 49% less peri-anastomotic tissue necrosis (0.14 vs.
0.28 mm2; p < .05) at that same time point (Fig. 5). These
results conﬁrmed a difference in local tissue response be-
tween the suture materials themselves when both were
used in an interrupted conﬁguration.
DISCUSSION
The creation of a conventional AVF employs a continuous,
non-absorbable, monoﬁlament suture to join artery to vein
through a circumferential anastomosis. This technique has
changed very little since it was ﬁrst described by Brescia
et al., in 1966.6 In an effort to improve the patency of the
AVF, a number of authors have investigated the role of non-
penetrating anastomotic clip devices, demonstrating that
some have the potential to improve para-anastomotic
compliance,14,15 reduce intimal injury,14,15 and in turn
lessen the IH which develops during maturation.16,17 There
are three randomized clinical studies comparing non-
penetrating clips with continuous suture in the creation of
AV ﬁstulae or grafts, two of which found a patency
advantage18,19 and one which did not.20 In a large multi-
centre study involving 1,385 patients from 17 centres
convincing patency advantages were observed favouring
the non-penetrating clips over a 40-month study period.21
However, non-penetrating clips may be technically chal-
lenged by atherosclerotic or calciﬁed arteries22 and there
have been reports of bleeding after use in the carotid
artery.23
The nitinol U-Clip is a penetrating anastomotic clip that
has been commercially available for some time; however, its
Figure 4. Micrographs of parafﬁn embedded sections demonstrating protein expressions of a-smooth muscle actin (A,B), vimentin (C,D),
and desmin (E,F). Those expressions where similar between polypropylene AVFs (A,C,E) and those created using the U-Clip (B,D,F). Note.
Objective magniﬁcation 1.25, scale bar ¼ 1 mm.
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Walker5 conducted a pilot study whereby 31 patients were
randomized to a combination of forearm and upper arm AV
creation with continuous polypropylene (n ¼ 19) or U-Clip
(n ¼ 12)5 with the aim of performing a power calculation
for a larger trial. The study concluded that the primary
endpoint of three successful haemodialysis treatments was
achieved in 58% and 42% of the U-Clip and polypropylene
groups respectively (p ¼ 0.379) over an unspeciﬁed follow-
up period. In a larger prospective but non-randomized study
Lin et al.4 also found no difference in maturation rates in
132 patients. However that study did observe a primary
patency difference of 91%, 84%, and 75% at 12, 24, and 36
months versus 83%, 74%, and 61% (p< .05) favouring those
forearm AVF constructed out of U-Clips. These limited data
suggest that the U-Clip may have a clinical advantage over
standard continuous polypropylene; however, little is
known about the cellular mechanisms that may underlie the
effect.Our study has demonstrated a reduction in the IH that
develops during the ﬁrst 6 months of maturation of an
ovine AVF. We found an overall reduction in IMA/L in the
U-Clip group that was signiﬁcant and particularly pro-
nounced over the middle time points of 2 and 4 weeks.
This was accompanied by a reduction in both the volume
of peri-anastomotic tissue necrosis that developed and the
proportion of actively proliferating cells in that same re-
gion identifying a clear association between local tissue
necrosis and actively proliferating cells. To understand this
link the cellular mechanisms that lead to IH must be
considered.
Local tissue necrosis occurs when a persistent and
excessive injury leads to irreversible mitochondrial
dysfunction and profound disturbances in cell membrane
function.24 This injury occurs both during surgical ﬁstula
creation and from the hemodynamic and suture-mediated
forces that occur from then on. These lead to loss of the
membrane’s integrity, leakage of cell contents, and the
Figure 5. Evaluation of the primary endpoints for the interrupted
polypropylene anastomoses versus U-Clip.
350 R.L. Varcoe et al.development of a cytokine-mediated local inﬂammatory
reaction which stimulates the quiescent local vascular
smooth muscle cell to migrate to the neointima and syn-
thesize extracellular matrix, leading to luminal steno-
sis.1,19,25,26 The ﬁndings have shown that the creation of an
AVF using a continuous polypropylene suture results in
more local tissue injury and necrosis than if a U-Clip is used.
This may be a result of increased trauma through the
method of suture placement, the force exerted from the
suture on the vessel wall, or a local tissue effect from the
suture material itself. It is proposed that this in turn leads to
proliferation and migration of the vascular smooth muscle
which was observed as a larger proportion of cells in an
actively proliferating phase of mitosis around the suture
material. Those cells then migrate to form the neointimal
lining and synthesize the extracellular matrix, which culmi-
nates in the observed differences in IMA/L during the ﬁrst
month. Over time this difference becomes less pronounced
as intimal deposition in the U-Clip group catches up with
the polypropylene-constructed AVF. A reduction in the local
tissue necrosis and proliferating cell numbers after 28 days
was also observed, suggesting that this later deposition of
neointima may have more to do with altered haemody-
namics and shear stress forces rather than the anastomotic
device itself.
In this study an important comparative subset was that
of the interrupted polypropylene suture versus U-Clip.
This smaller group was included to address the question
of whether it was suture material or the continuous
technique that resulted in the differences observed in
local tissue response. These results once again favoured
the U-Clip group with less associated tissue necrosis and
fewer proliferating cells adjacent to the suture materials.
Despite a small sample these differences were marked,
consistent with the main analysis, and highly signiﬁcant,
leading to consideration of whether the suture materials
themselves led to an altered reaction from the sur-
rounding tissue, unexplained by the continuous suturing
technique.It is well established that polypropylene induces an acute
inﬂammatory response followed by a chronic foreign body
reaction when implanted into the human body.27,28 This
may be advantageous in the treatment of body wall hernias
but potentially deleterious to the preservation of long-term
vascular anastomotic patency. Titanium alloys are known to
behave differently from polypropylene. Their precise inter-
action with local tissue depends on their surface free en-
ergy and roughness;29e32 however, all are known to possess
higher cellular adhesion strength and lower volume of
extracellular matrix protein excretion than their polymeric
counterparts.33 It is clear through observing tissue reaction
to polypropylene implants that choice of biomaterial has
the potential to affect local tissue response. The differences
demonstrated in local peri-suture necrosis and proliferating
cell numbers suggest that these two biomaterials incite an
altered response from the surrounding tissue favouring the
U-Clip.
This study was limited in that the sheep were not urae-
mic and their ﬁstulae were never cannulated. Despite that,
each AVF developed a layer of IH typical of that seen with
human AVF histology. There was also considerable variation
in the degree of neointima formed between individual an-
imals. In an attempt to overcome bias related to this known
phenomenon, each ﬁstula type was carried out on each
animal, alternating sides and pairing a U-Clip anastomosis
with one constructed from polypropylene. Finally, the
complete ﬁstula circuit was not examined as the intention
was to focus on the local tissue environment adjacent to the
anastomosis. It was felt that this location was most likely to
be inﬂuenced by the difference in suture material used.
This study has demonstrated a signiﬁcant difference in
the peri-anastomotic cellular response adjacent to suture
material of polypropylene and an anastomotic clip made
from a nickeletitanium alloy. It found a reduction in local
tissue necrosis, fewer proliferating cells, and less IH, an
effect that was most pronounced over the ﬁrst 4 weeks and
unrelated to the continuous suturing technique but rather






Thanks go to Medtronic Australasia for providing the nitinol
U-Clip devices.APPENDIX I.Immunohistochemical staining
Parafﬁn sections were de-waxed in xylene and hydrated in a
series dilution of ethanol. A modiﬁed target retrieval citrate
buffer, pH 6.1 (DakoCytomation, Sydney, Australia) was used
Nitinol U-Clip versus Sutured Anastomosis for AV Fistulae 351for the recovery of antigenicity. Endogenous peroxidase was
quenched by 0.3% hydrogen peroxide in 50% methanol for
10 minutes.
Primary mouse monoclonal antibodies for smooth
muscle actin (SMA, M0851), desmin (M0760), and
vimentin (M7020) from DakoCytomation (Sydney, NSW,
Australia) and PCNA (Proliferating Cell Nuclear Antigen, SC-
56) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA) were incubated with the sections over night at 4 C
in humidity chambers (single antibody per section). Dako
non-immunized mouse IgG was applied in the same
manner as a negative control. The optimal concentration
for the primary antibodies and control was determined as
1:150 for SMA, 1:100 for desmin, 1:200 for vimetin, and
1 mg/mL for PCNA and mouse IgG through trial. Following
three washes in phosphate-buffered saline with 0.05%
Ttween-20 (PBS-T) the sections were incubated with
DakoCytomation EnVisionþ System-HRP-labelled polymer
conjugated with anti-mouse secondary antibody for 1 hour
at room temperature. This was followed by four ﬁnal PBS-T
washes and a Dako liquid diaminobenzidine (DAB) sub-
strateechromogen system application to stain the target
antigens a brown end product. All sections were coun-
terstained with Harris’s haematoxylin, and then mounted
with EUKITT medium (Kindler GmbH & Co., Freiburg,
Germany) and cover slip.
The staining distribution and intensity were quantita-
tively analysed using Histomorph, an in-house software
program that detects the positively stained signals based on
colour matching through converting digitally acquired
microscopic images from the standard red/green/blue
(RGB) to the Commission Internationale d’Eclairage L*a*b
(CIELAB) colour space. This technique has been successfully
implemented in a diverse spectrum of research that relies
on colour differentiation for interpretation.8REFERENCES
1 Haruguchi H, Teraoka S. Intimal hyperplasia and hemodynamic
factors in arterial bypass and arteriovenous grafts: a review.
J Artif Organs 2003;6(4):227e35.
2 Sivanesan S, How TV, Black RA, Bakran A. Flow patterns in the
radiocephalic arteriovenous ﬁstula: an in vitro study. J Biomech
1999;32(9):915e25.
3 Ross JR. Creation of native arteriovenous ﬁstulas with inter-
rupted anastomoses using a self-closing clip device e one
clinic’s experience. J Vasc Access 2002;3(4):140e6.
4 Lin PH, Bush RL, Nelson JC, Lam R, Paladugu R, Chen C, et al.
A prospective evaluation of interrupted nitinol surgical clips in
arteriovenous ﬁstula for hemodialysis. Am J Surg 2003;186(6):
625e30.
5 Walker SR. U clips for arteriovenous anastomosis: a pilot,
randomized study. ANZ J Surg 2012;82:630e2.
6 Bigdeli AR, Kaczmarek I, Eifert S, Beiras-Fernandez A, Kober S,
Nikolaou K, et al. Interrupted nitinol U-Clips versus standard
running suture for the central arterial T-graft anastomosis: a
prospective randomized study. Eur J Cardiothorac Surg
2011;40:e93e7.
7 Varcoe RL, Teo AB, Pelletier MH, Yu Y, Yang JL, Crowe PJ, et al.
An arteriovenous ﬁstula model of intimal hyperplasia forevaluation of a nitinol U-Clip anastomosis. Eur J Vasc Endovasc
Surg 2012;43(2):224e31.
8 Brescia MJ, Cimino JE, Appel K, Hurwich BJ. Chronic hemodi-
alysis using venipuncture and a surgically created arteriove-
nous ﬁstula. N Engl J Med 1966;275(20):1089e92.
9 Yu Y, Yang JL, Chapman-Sheath PJ, Walsh WR. TGF-beta, BMPS,
and their signal transducing mediators, Smads, in rat fracture
healing. J Biomed Mater Res 2002;60(3):392e7.
10 Matkowskyj KA, Schonfeld D, Benya RV. Quantitative immu-
nohistochemistry by measuring cumulative signal strength us-
ing commercially available software Photoshop and Matlab.
J Histochem Cytochem 2000;48(2):303e12.
11 Lee YK, Lee Y-K. Comparison of CIELAB DeltaE(*) and
CIEDE2000 color-differences after polymerization and ther-
mocycling of resin composites. Dent Mater 2005;21(7):678e
82.
12 Dilley RJ, McGeachie JK, Prendergast FJ. A review of the his-
tologic changes in vein-to-artery grafts, with particular refer-
ence to intimal hyperplasia. Arch Surg 1988;123(6):691e6.
13 Wang Y, Krishnamoorthy M, Banerjee R, Zhang J, Rudich S,
Holland C, et al. Venous stenosis in a pig arteriovenous ﬁstula
model-anatomy, mechanisms and cellular phenotypes. Nephrol
Dial Transplant 2008;23(2):525e33.
14 Baguneid MS, Goldner S, Fulford PE, Hamilton G, Walker MG,
Seifalian AM. A comparison of para-anastomotic compliance
proﬁles after vascular anastomosis: nonpenetrating clips versus
standard sutures. J Vasc Surg 2001;33(4):812e20.
15 Stansby G, Knez P, Berwanger CS, Nelson K, Reichert V, Schmitz-
Rixen T. Does vascular stapling improve compliance of vascular
anastomoses? Vasc Surg 2001;35(2):115e21.
16 Komori K, Shoji T, Furuyama T, Yonemitsu Y, Mori E, Yamaoka T,
et al. Non-penetrating vascular clips anastomosis inhibited
intimal thickening under poor runoff conditions in canine
autogenous vein grafts. Eur J Vasc Endovasc Surg 2001;21(3):
241e7.
17 Hawthorne WJ, Ao PY, Fletcher JP. Vascular closure staples
reduce intimal hyperplasia in prosthesis implantation. ANZ J
Surg 2002;72(12):862e6.
18 Schild AF, Pruett CS, Newman MI, Raines J, Petersen F,
Konkin T, et al. The utility of the VCS clip for creation of
vascular access for haemodialysis: long term results and
Intraoperative beneﬁts. Cardiovasc Surg 2001;9:526e30.
19 Zeebregts CJ, van den Dungen JJAM, van Det RJ, Verhoeven EL,
Geelkerken RH, van Schilfgaarde R. Randomized clinical trial of
continuous sutures or non-penetrating clips for radiocephalic
arteriovenous ﬁstulas. Br J Surg 2004;91:1438e42.
20 Cook JW, Schuman ES, Standage BA, Heinl P. Patency and ﬂow
characteristics using stapled vascular anastomoses in dialysis
grafts. Am J Surg 2001;181:24e7.
21 Shenoy S, Miller A, Petersen F, Kirsch WM, Konkin T, Kim P,
et al. A multicenter study of permanent hemodialysis access
patency: beneﬁcial effect of clipped vascular anastomotic
technique. J Vasc Surg 2003;38:229e35.
22 Zeebregts CJ. Non-penetrating clips for vascular anastomosis.
Eur J Vasc Endovasc Surg 2005;30:288e90.
23 Findlay JM, Megyesi JF. Carotid arteriotomy closure using a
vascular clip system. Neurosurgery 1998;88:1201e8.
24 Kumar V, Abbas AK, Aster J, editors. Robbins basic pathology.
9th ed. Philadelphia: Elsevier; 2013.
25 Clowes AW, Kirkman TR, Clowes MM. Mechanisms of arterial
graft failure. II. Chronic endothelial and smooth muscle cell
proliferation in healing polytetraﬂuoroethylene prostheses.
J Vasc Surg 1986;3(6):877e84.
352 R.L. Varcoe et al.26 Majesky MW, Schwartz SM, Clowes MM, Clowes AW. Heparin
regulates smooth muscle S phase entry in the injured rat ca-
rotid artery. Circ Res 1987;61(2):296e300.
27 Emans PJ, Schreinemacher MH, Gijbels MJ, Beets GL, Greve JW,
Koole LH, et al. Polypropylene meshes to prevent abdominal
herniation. Can stable coatings prevent adhesions in the long
term? Ann Biomed Eng 2009;37(2):410e8.
28 Klinge U, Klosterhalfen B, Müller M, Schumpelick V. Foreign
body reaction to meshes used for the repair of abdominal wall
hernias. Eur J Surg 1999;165(7):665e73.
29 Deligianni DD, Katsala ND, Koutsoukos PG, Missirlis YF. Effect of
surface roughness of hydroxyapatite on human bone marrow
cell adhesion, proliferation, differentiation and detachment
strength. Biomaterials 2000;22(1):87e96.30 Huang H-H, Ho C-T, Lee T-H, Lee TL, Liao KK, Chen FL. Effect of
surface roughness of ground titanium on initial cell adhesion.
Biomol Eng 2004;21(3):93e7.
31 Ponsonnet L, Reybier K, Jaffrezic N, Comte V, Lagneau C,
Lissac M, et al. Relationship between surface properties
(roughness, wettability) of titanium and titanium alloys and cell
behaviour. Mater Sci Eng 2003;23(4):551e60.
32 Wälivaara B, Aronsson B-O, Rodahl M, Lausmaa J, Tengvall P. Ti-
tanium with different oxides: in vitro studies of protein adsorp-
tion and contact activation. Biomaterials 1994;15(10):827e34.
33 Hallab NJ, Bundy KJ, O’Connor K, Moses RL, Jacobs JJ. Evalua-
tion of metallic and polymeric biomaterial surface energy and
surface roughness characteristics for directed cell adhesion.
Tissue Eng 2001;7(1):55e71.
